The nucleation of single-walled carbon nanotubes (SWCNTs) on catalyst cluster surfaces was studied by molecular dynamics (MD) simulation. It was found that SWCNTs grow from graphitic islands that precipitate on the cluster surface, and that the weak interaction between the catalyst metal particle and the bond-saturated island atoms (i.e., the carbon atoms at the center of the island that are bonded to three other carbon atoms) plays a critical role in the lifting of the carbon island off the particle surface.
INTRODUCTION
Much effort has been put into understanding the growth mechanism of carbon nanotubes (CNTs) since their discovery by Iijima in 1991 [1] . Understanding the growth of this one-dimensional (1D) structure is important for controlling and optimizing CNT growth, and may also help in improving the production of other 1D structures such as boron-nitride nanotubes [2] . These nanotubes have been produced using similar experimental methods to those used for CNT growth.
The layered structure that is found in graphite and CNTs is due to the sp 2 hybridization of C atoms. Due to this hybridization, each atom has three strong in-plane σ bonds and one weak out-of-plane π bond. For example, in graphite, the in-plane bonds between neighboring pairs of carbon atoms are about 6 eV and the out-of-plane bonds between atoms in different graphitic layers are about 0.01 eV -more than two orders of magnitude weaker. Similarly, all atoms that form part of a CNT wall are bonded, via strong σ bonds, to three other C atoms. However, C atoms at the open edge of CNTs and that are critically involved in CNT growth, are joined to at most two other C atoms. In order to illustrate the difference between the central C atoms (that form part of the nanotube wall) and those at the CNT end, 7 hexagons from a graphite sheet are shown in Figure 1 . The central C atoms are σ bonded to three other carbon atoms and are therefore bond-saturated (C S ). These atoms are chemically inert and interact weakly with other atoms (that are not part of the carbon layer). In contrast, the edge atoms in Figure 1 are bonded to at most two other C atoms and are thus bondunsaturated (C Uns ). These atoms are chemically reactive and have strong interactions with other atoms. In this contribution we focus on the key role played by the weak interactions between C S atoms and the metal catalyst particle in SWCNT nucleation.
MOLECULAR DYNAMICS METHODS
Previous computational studies of catalyzed SWCNT growth have included static calculations [3] , MD simulations based on analytic force fields [4] or density functional theory (DFT) based Car-Parrinello simulations [5] . While the Car-Parrinello approach has the advantage of obtaining forces directly from electronic structure theory, it suffers from the disadvantage that it is computationally very expensive.
The MD simulation discussed here is based on an analytic potential energy surface (PES) that has been used to study the iron (Fe) catalyzed nucleation of SWCNTs [6] . Details of the PES and the SWCNT nucleation mechanism have been presented elsewhere [6] . For the present contribution it is necessary to note that the C atoms that are dissolved in, or that have precipitated from, the Fe 100 cluster are treated differently in the PES description. In addition, two types of precipitated C atoms are distinguished. These are the C S and C Uns atoms and, as discussed above, the interaction between C S and Fe atoms is weak, whereas the interaction between the C Uns and Fe atoms is much stronger. These interaction energies were fit to DFT adsorption energies, which yield a C S -Fe bond energy of 0.14 eV [7] , which is about an order of magnitude weaker than the C Uns -Fe bond energy of 1.5 eV [8] . Similarly to previous studies, the trajectories were initialized by thermalizing the pure Fe cluster to the desired temperature (1000 K in this study), and C atoms were subsequently added at a rate of one every 40 ps into the central part of the Fe cluster.
RESULTS AND DISCUSSION
The first (about 20-30) C atoms that are added to the Fe 100 cluster dissolve in the metal, since the cluster is unsaturated in C. Continued addition of C atoms results in precipitation of these atoms on the cluster surface, but these atoms are unstable and can dissolve back into the cluster. Only when the cluster is supersaturated in C are there a sufficient number of precipitated C atoms to form C strings and small polygons on the surface. These polygons grow into small graphitic islands that, as shown in Figure 2a -c for a temperature of 1000 K, nucleate graphitic caps that grow into SWCNTs.
The weak C S -Fe interactions play a key role when the graphitic island (Figure 2a ) lifts off the surface to form the cap (Figure 2b) . To investigate the importance of these interactions we repeat the simulations (with the same temperature and rate of C addition) but using C S -Fe bond strengths that vary between 0.14 and 1 eV. It must be noted that the C S -Fe bond strength of 0.14 eV (used in the simulation shown in Figure 2a Depending on the C S -Fe bond strength, one of two graphitic structures nucleate on the cluster surface. SWCNTs, shown in Figure 2c , are formed when the bond energy is less than 0.5 eV, and graphene sheets that encapsulate the catalyst particle, shown in Figure 2d , are formed when the bond energy is higher than 0.7 eV. A bond energy between 0.5 and 0.7 eV can lead to either SWCNT growth or to particle encapsulation at 1000 K.
Two conclusions can be drawn from these results. First, the formation of SWCNTs on Fe 100 clusters at 1000 K is not sensitive to moderate changes in the C S -Fe bond strength. This is important since it indicates that valid growth mechanisms are obtained from simulations based on our analytic PES Second, it is evident that the island cannot lift off the surface to form a cap when the C S -Fe bond strengths are too large. This is because the kinetic energy that is available at 1000 K must be sufficient to overcome the interaction strength between the graphitic island and the cluster. This is possible when the cluster-island interaction is sufficiently weak (less than 0.5 eV) but not when the interactions are too strong.
It may also be noted that the strength of the bonding between the C Uns and Fe atoms is important for SWCNT nucleation. As described above, it is known from DFT calculations that the C Uns -Fe bonds are almost an order of magnitude stronger than the C S -Fe bonds, so that even when the C S -Fe bonds break and the island lifts off the particle to form the cap, the C Uns -Fe bonds at the edge of the island are not broken. Thus, even once the (middle part of the) island lifts off the particle surface, precipitating C atoms can join at the edges of the cap. This leads to an increase in the cap diameter and length, which results in the growth of a SWCNT.
CONCLUSION
One of the critical steps in the nucleation and growth of CNTs is the lifting of graphitic islands off the metal particle surface to form graphitic caps. Results of the MD simulations presented here show that the weak interaction between the bond-saturated carbon atoms (in the graphitic islands) and the catalyst particle is key for this process. Carbon islands would not be able to lift off the cluster surface if this interaction were too strong, which would result in encapsulation of the cluster by a graphene layer.
